The aim of this study was to evaluate the effects of n-stearoylethanolamine (nSe) on the number of biochemical parameters that are involved in the development of the stress response (corticosterone, catecholamines, testosterone, TBaRS, nitric oxide, serotonin) 
T he impact of stress on human health is widely recognized, primarily, long term and intensive stress factors cause a depletion of body's compensatory mechanisms, where stress response from adaptation link changes to stress-illness link, contributing to the pathogenesis of many diseases (mental, endocrine, cardiovascular, gastrointestinal, etc.) [1, 2] .
In recent years, social stress factors have gained considerable effect on life of a contemporary human that triggers different disturbances in the functioning of internal organs, followed by the complex of mental disorders and behavioral changes [3, 4] .
Therefore, one of the most important tasks of modern biology and medicine is the prevention of the damaging effects of stress by finding new effective, natural, non-addictive and safe compounds with strong anti-stress activity, which do not cause allergic reactions, do not have any side-effects or age restrictions and are compatible with other medications.
In this field the promising pharmacological tools may be the family of bioactive compounds N-acylethanolamines (NAE). NAEs are naturally occurring membrane components with a wide range of biological and pharmacological actions that do not exert toxic effects. In view of the diverse biological actions of N-acylethanolamines, it is reasonable to study the effect of N-stearoylethanolamine on memo ry state, exploratory activity and antinociceptive response, in addition to a number of biochemical parameters in rats with chronic social stress.
materials and methods
N-stearoylethanolamine with the 99.8 percent of purity was synthesized in the Department of Lipid Biochemistry of the Palladin Institute of Biochemistry [5] .
The study was carried out on 74 mature outbred white male rats (controls -14 rats, domestics -30 rats, intruders -30 rats). For one week before the start of the experiment animals were housed in plastic cages with iron lattice top either individually to remove the previously obtained social experience (control and intruders, body weight 185 ± 17 g,) or with a harem of females to increase aggressiveness (domestics, body weight 350-400 g). Domestics were used only to induce chronic social stress in experimental animals (intruders). Only rats from control group and intruders were involved in biochemical and physiological investigations. Animals were given ad libitum access to food (granulated diet, Vitameks, Ukraine) and water. All animal procedures were conducted in accordance with the requirements of European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes (Strasbourg, 1986) .
Experimental animals were divided into 3 groups: controls -14 rats, chronic social stress induction -15 rats (intruders); N-stearoylethanolaminetreated after induced chronic social stress -15 rats (intruders).
Stress was induced by daily agonistic interaction between animals (intruder and domestic) [6] . Daily during 14 days unfamiliar male (intru der), which was smaller in weight, was put into the home cage of the domestic for 30 min. For 10 min they were held together in agonistic interac tion. During the next 20 min they were separated by transparent membrane with tiny holes for visual and olfactory contact. After the last stress-inducing interaction N-srearoylethanolamine was administra ted intragastrically to 1 group of animals daily during 14 days at a dose of 50 mg/kg of body weight. Other groups of animals without NSE treatment received equal volu me of distilled water by the same administ ration method.
Rats of all groups were tested in the Novel Object Recognition (NOR) behavioral test [7] . The results of NOR test are presented as Discrimination Index (DI) measured by the difference in the exploration time of "novel" and "familiar" objects divided by the total time of explorations. In addition, the level of rats' exploratory activity was estimated as the total time spent for exploring both objects.
Antinociceptive response was determined using tail-flick assay [8] . Animals were placed in a clear plastic box, where application of thermal radiation (by focused light) on a blackened spot 1-2 cm from the tip of the tail of the animal provoked withdrawal of the tail by a brief vigorous movement. The withdrawal time was recorded as tail flick latency by using an analgesiometer (Panlab, LE 7106 Light Beam Analgesy-Meter, at an infrared intensity of 50).
At the end of the experiments, the rats (controls and intruders) were decapitated under СО 2 -anesthesia and blood was rapidly collected for biochemical assays.
The level of plasma corticosterone, epinephrine, norepinephrine, dopamine and serotonin was measured by ELISA (IBL, Germany), testosterone -ELISA (LDN, Germany) using BioRad 680 microplate reader (BioRad Laboratories Inc., Hercules, California, USA).
The intensity of lipid peroxidation was analyzed by estimating the amount of TBA reactive substances [9] . Measurement of nitrite-anions was made by Green method [10] .
The data, presented as mean values ± standard errors of the means (SEM), were compared using Student's unpaired t-test. The differences were considered significant at p < 0.05.
results and Discussion
The results of the experiments, presented in a Figure, indicated that chronic social stress causes a significant increase in plasma level of corticosterone (А), epinephrine (С), norepinephrine (d), dopamine (Е), serotonin (F), TBA reactive substances (G) and reduction in testosterone (B) and nitrite-anion (H) content. In addition, stress development resulted in the decreased value of DI (J) and enhanced latency time in tail flick test (I). In contrast, the level of exploratory activity did not change (k).
The NSE administration normalized plasma content of corticosterone (a), testosterone (В), epinephrine (С), norepinephrine (d), dopamine (e), TBA reactive substances (G), nitrite-anion (Н) and triggered remarkable increase in serotonin level (F) compared to stressed animals. This effect of NSE was accompanied by normalization of DI value (J) and considerable increase in exploratory activity level (k). The tail-flick latency did not change, it remained at the level of stressed animals (I).
One of the main mechanisms of adaptation to stress is activation of the hypothalamic-pituitary-adrenal system and increased secretion of stress hormones, primarily, glucocorticoids.
Glucocorticoids directly or indirectly regulate main physiological and biochemical processes in the body. Namely, the increased level of glucocorticoids has protective effects against the development of post-traumatic symptoms triggered by traumatic stress [11] .
Plasma level of corticosterone (А), testosterone (В), epinephrine (C), norepinephrine (D), dopamine (e), serotonin (F), TBa reactive substances (G) and nitrite-anion (H), in addition to tail-flick latency (I), DI value in selection phase (J) and duration of objects exploration in test of object recognition (K) in rats with
On the other hand, the enhanced level of glucocorticoids induced by prolonged stress leads to negative consequences -indigestion, irritability, obesity, diabetes, hypertension, insomnia, immunosuppression, poor memory, etc.
It is also noteworthy that significantly prolonged glucocorticoid elevations caused hippocampal atrophy (the brain structure which is responsible for memory formation and learning, mood, regulation of neuroendocrine stress hormones, which is extremely sensitive to stress, injury, oxygen and glucose deprivation) and deficits in hippocampusdependent memory tasks [12] [13] [14] .
As in the case for the hippocampus, glucocorticoids also affect morpho-functional characteristic of other brain regions, namely, the prefrontal cortex, which is important for working memory, executive function, and self-regulatory behaviors, controls anxiety, emotions and is suggested to control aggressive behavior) [12] . Thus, recent findings indicate correlation between enhanced level of glucocorticoids and synapse loss in the prefrontal cortex, in addition to impairedworking memory [15] .
In recent years, a large number of studies confirmed the leading role of elevated glucocorticoids' level in inflammation development in certain brain regions (namely, hippocampal damage) and in the entire central nervous system [16, 17] .
Depression and post-traumatic stress disorder is often associated with the hypersecretion of glucocorticoids and impaired hippocampal function [13, 14] .
Elevated glucocorticoid levels are observed in many neurodegenerative disorders including Alzheimer's and Parkinson's diseases [18] . Recent studies confirmed cause-effect relationships between prolonged stress, elevated levels of glucocorticoids, memory impairment, brain aging and neurodegenerative disorders [2] .
In the model of chronic social stress or social deprivation across individuals of different primate societies with subordinate status exhibited higher relative levels of circulating glucocorticoids [19] . These findings suggest that aging in this animals' subtype correlates with behavioral disturbances that are similar to dementia in humans.
Thus, elevated levels of corticosteroids, which occur during chronic stress, lead to impaired brain morphology and neuroplasticity, with following changes in behavior, memory state and learning.
This finding is consistent with our data on the corticosterone level (Fig., А) and confirms that social stress induced daily for two weeks in rats causes memory impairment (significant reduction of DI (Fig., J) ).
Daily administration of NSE for two weeks after chronic social stress improved memory state and attention ( (Fig., J) , an increase in DI value), and caused an increase in the level of exploratory activity in rats (Fig., k) . Thus, the normalization of corticosterone level under the NSE administration may be one of the causative factors for the improvement of memory and exploratory activity in rats.
It is well known that N-acylethanolamines (mainly N-palmitoylethanolamine, anandamide, N-oleoylethanolamine) exert membrane protective, antioxidant, immunomodulatory, anti-inflammatory, anti-toxic and other activities. Furthermore, NAEs regulate blood-brain barrier permeability [20] and exhibit regulatory effects on the adrenal cortex function in rats [21] . Some representatives of the N-acylethanolamines family, mainly with unsaturated fatty acids, bind to cannabinoid receptors and are inclu ded in the endocannabinoid system. Saturated NAEs (such as N-palmitoylethanolamine and N-stearoylethanolamine) also exert cannabimimetic activity, however, in contrast with unsaturated members, they do not interact with cannabinoid receptors and exhibit their effect through activation of other receptors (e.g., vanilloid, PPARs) or via receptorindependent mechanism [22] . In addition, saturated NAEs inhibit the degradation of unsaturated NAEs that leads to an enhancement of their tissue levels, thus, increasing their biological action [23] .
Endocannabinoid system (a well-studied endogenous ligand is anandamide and other members of the NAEs family), which is activated immediately by the stress offset and elevated level of circulating glucocorticoids, plays an important role in the formation and regulation of stress response, modulation of cognitive and emotional processing. The impairment of endocannabinoid signaling that is triggered by chronic stress leads to an increase in stress-related and anxiety-like behavior, development of mental and emotional disorders that are accompanied by the impairment of memory and learning ability.
Meanwhile in rodents exposed to chronic social stress the inhibition of FAAH (fatty acid amide hydrolase)-induced degradation of N-arachidonoylethanolamide reduces the hypothalamic-pituitary-adrenal axis, followed by the decrease in basal hypersecretion of glucocorticoids and prevention of anxiety disorders [24] .
Furthermore, it was demonstrated that FAAH inhibitors ameliorate memory state and learning ability [25] . The FAAH inhibitors can produce their effects through PPARα and through cannabinoid CB1-receptors [26] .
It is known that stress increases the permeability of the blood-brain barrier (BBB), resulting in dysfunction of the central nervous system. The inhibition of endocannabinoids' hydrolysis can help to preserve the integrity of BBB and, thus, prevents the development of neurological and behavioral disorders in rats [20] .
The results of our study showed that NSE may compensate changes in the level of circulating glucocorticoids (corticosterone) and cognitive alterations in rats with chronic social stress. This effect of NSE may be mainly associated with its adaptogenic, neuroprotective and anti-inflammatory properties, in addition to inhibition of FAAH-mediated degradation of anandamide and modulation of BBB permeability.
Enhanced glucocorticoids secretion that is mediated by chronic stress also contributes to suppression of the reproductive system [27] . Findings in women indicate that chronically high cortisol levels may disrupt the menstrual cycles and reduce fertility [27] . Meanwhile in man chronically elevated levels of cortisol inhibit testosterone release, resulting in erectile dysfunction and loss of libido. Low testosterone levels correlate with memory impairment, reduction of concentration abilities and co-occurrence of irritability, anxiety and depression [28] . In agreement with this, the reduced level of testosterone has been found in plasma of subjects with subordinate status [29] .
In our study we also found the reduction of plasma testosterone level and exploratory activity in rats with chronic social stress (Fig., B, J) .
Daily administration of NSE for two weeks to stressed rats led to normalization of testosterone level, improved memory state and attention (Fig., J) , and increased the level of exploratory activity that is consistent with longer time exploring new object (Fig., k) .
According to the published data, the decline in testosterone level is associated with structural and functional changes in the testis as a result of an oxidative and other types of stress development, as well as a result of an enhanced level of estrogen in males under different pathological conditions such as metabolic syndrome, diabetes, obesity etc. [30] .
In our previous studies, it has been shown that N-stearoylethanolamine prevents pathological changes in tissues via different biochemical mechanisms.
The key role in the formation of stress response is played by hypothalamo-pituitary-adrenocortical and sympatho-adrenal axises. Firstly, in response to stress exposure there is an increase in the level of blood catecholamine, which causes physiological responses such as heart palpitations, increased blood pressure, inhibition of digestive functions and excitement. In addition, it mediates the release of epinephrine by adrenal cortex and glucocorticoids.
State of the sympathetic division of the autonomic nervous system remains tense throughout the period of the stressor action and this may be one of the causes of psychosomatic diseases and post-traumatic stress disorder.
Moreover, the level of circulating catecholamines plays an important role in the formation of "fight-or-flight" response and modulation of morpho-functional characteristics of brain regions that are involved in memory formation. Thus, earlier it has been shown that epinephrine, released into blood from the adrenal medulla in response to stress, is a potent and dose-dependent enhancer of learning and memory processing [31] . Low doses of epinephrine have little effect on memory, moderate doses enhance memory, and high levels impair memory. One of the possibilities, regarding the mechanisms by which epinephrine can influence brain functions, is through the activation of β-adrenergic receptors on afferent neuronal axons of vagus nerve that media tes glucose release [31] . Additionally, the role of norepinephrine was confirmed in mediating the actions of other stress hormones on the preservation of memory (including epinephrine and glucocorticoids) [32] . Other studies demonstrated the powerful influen ce of dopamine on cognitive functions. In addition, dopamine regulates the processes of adaptation, emotional perception and motivation [33] .
As noted above (see. Fig.) , in plasma of rats with chronic social stress we detected increased levels of catecholamines -epinephrine, norepinephrine and dopamine that indicates the activation of sympatho-adrenal system and significant memory impairments.
Daily administration of NSE to rats after two weeks of stress induction normalized the plasma level of the above catecholamines, improved memory state and increased the exploratory activity in rats (Fig., c, d, e, J, k) .
Furthermore, NAEs with saturated and unsaturated lipid chains can modulate steroidogenesis in the adrenal cortex [21, 34] . Nowadays, there is no published information on the possible mechanisms of NAEs' influence on synthesis of catecholamines.
It is known that nitric oxide inhibits the release of catecholamines from the adrenal glands and nerve terminals. Inhibition of NO synthesis leads to activation of sympatho-adrenal axis, followed by the modulation of catecholamines content. Previously, it has been shown that NSE regulates the level of nitric oxide by modulating the activity of constitutive and inducible NO synthase in various pathological conditions [35] . Thus, we can suggest that normalization effect of N-stearoylethanolamine on the plasma level of catecholamines in rats with chronic social stress (Fig., c, d , e) can be mediated by its modulatory activity on the nitrogen oxide content (Fig., Н) .
Biogenic amines such as serotonin and catecholamines are involved in the modulation of pain [36] . Peripheral dopamine modulates peripheral pain response [37] , the reduction of serotonin level is associated with major depressive disorder and increased antinociceptive response [38] . In addition, alterations in function of central serotonin and noradrenergic systems cause pain syndrome and emotional discomfort [36] .
In our study, chronic social stress in rats led to a significant increase in plasma content of epinephrine, norepinephrine, dopamine and serotonin (Fig.,  c, d , e, F) that was associated with an increase in thermal pain threshold (Fig., I) . The NSE administration to rats with induced chronic stress triggered normalization of catecholamines level and significant increase in serotonin content, thus, did not affect the level of the pain threshold in rats.
It is well known that lipid peroxidation plays a crucial role in the adaptation, however, the exposure to intense and chronic stressors, which correlates with increased release of stress hormones (glucocorticoids and catecholamines), transforms lipid peroxidation from adaptive response to damaging effects.
Recent data, obtained using models of social stress in rats and chronic stress in mice, demonstrated the correlation between the intensity of oxidative stress, inflammation and anxiety-depression-like behaviors, as well as memory impairment [39] . In addition, enhanced levels of glucocorticoids and catecholamines in response to long-term stress directly or indirectly intensified oxidative and nitrosative stress [40, 41] .
According to the results of our study, chronic social stress in rats led to a significant increase in plasma content of corticosterone and catecholamines (Fig., a, c, d, e) , enhanced formation of TBA reactive substances (Fig., J) -markers of the lipid peroxidation intensity and memory alterations (Fig., J) .
The treatment with NSE after stress induction for two weeks normalized the level of TBA reactive substances, corticosterone and catecholamines, and moreover, ameliorated the memory state and explora tory activity in rats (Fig., a, c, d, e, G, J, k) .
This effect of NSE on TBA reactive substances content may be mediated by its antioxidant, membranotropic and anti-inflammatory activity, in addition to its compensatory action on the level of circulating glucocorticoids and catecholamines.
Interestingly, nitric oxide also plays an important regulatory role in the stress response and adaptation to stress action [42] , and is also involved in pain modulation and mechanisms involved in longterm memory [36] .
The results of our study, which are shown in Fig. , H suggest that chronic social stress causes a decrease in the content of one of the stable metabolites of nitric oxide -nitrite anion to almost 44% in rat plasma. Daily use of N-stearoylethanolamine after two weeks of stress induction causes normalization of plasma nitrite anion content in rats.
These findings support the earlier reported data about the plasma level of catecholamines in stressed rats and under the NSE treatment (Fig., c, d, e) .
Therefore, two-week administration of N-stearoylethanolamine after induction of chronic social stress in rats normalizes plasma content of corticosterone, testosterone, epinephrine, norepinephrine, dopamine, TBARS, nitrite-anion and increases serotonin level that contributes to the improvement of memory state, an increase in the level of exploratory activity and preserve the value of antinociceptive response in rats that confirms an antistress and adaptogenic action of NSE.
Finally, these findings can form the basis for a drug development to treat chronic stress in humans caused by the influence of socio-political, economic, and other traumatic factors.
Publications are based on the research provided by the grant support of the State Fund for Fundamental Research (F64/28-2016).
